Arabinofuranosidases degrade arabinose-containing oligo and polysaccharides, releasing L-arabinose, which is a potentially useful sugar, shown to reduce glycemic response under certain conditions. Arabinofuranosidases (Arafs) are frequently found in GH43, one of the most common GHfamilies encoded in genomes in gut microbiota, and hence it is of interest to increase understanding of the function of these enzymes in species occurring in the gut. Here we have produced, characterized and solved the three-dimensional structures, at 1.9 and 2.0 A resolution respectively, of two homologous GH43 enzymes, classified under subfamily 26, from Lactobacillus brevis DSM1269 (LbAraf43) and Weissella strain 142 (WAraf43), respectively. The enzymes, with 74% sequence identity to each other, are composed of a single catalytic module with a b-propeller structure typical of GH43, and an active-site pocket with three identifiable subsites (À1, +1, and +2). According to size exclusion chromatography, native WAraf43 is a dimer, while LbAraf43 is a tetramer in solution. Both of them show activity with similar catalytic efficiency on 1,5-a-L-arabinooligosaccharides with a degree of polymerization (DP) of 2-3. Activity is restricted to substrates of low DP, and the reason for this is believed to be an extended loop at the entrance to the active site, creating interactions in the +2 subsite.
Introduction
Arabinose-containing polymers are widely distributed in plant biomass [1] , and the L-arabinose residues released after degradation by arabinofuranosidases (Arafs) are potentially useful sugars for the food industry, not readily absorbed but shown to reduce glycemic response after sucrose ingestion [2] [3] [4] . 54 (which are retaining enzymes), and GH43 and 62 (constituting Clan F), of which GH43 has a proven inverting reaction mechanism (www.cazy.org).
Based on genetic evidence, GH43 is a very large enzyme family (more than 5000 genes were listed in the CAZy-database 2016-10-05), and it has recently been divided into 37 subfamilies, based on differences in sequence conservation and activity profiles [5] . This family currently harbors characterized enzymes with EC 3.2.1.37 activity (b-xylosidases), EC 3.2.1.8 (xylanases), EC 3.2.1.55 (a-L-arabinofuranosidases), EC 3. 2.1.99 (arabinanases), and EC 3.2.1.145 (galactan 1,3-b-galactosidases) [5] . Despite the very large number of genes, relatively few enzymes are characterized (139 as of 2016-10-05) showing a need for further work in this area.
Interestingly, bearing in mind the positive response in glycemic index induced by L-arabinose, GH43 enzymes have been shown to be one of the most common GH-families in the gut microbiome [6] . This was shown by analyzing the content of GH-encoding genes in a mini-microbiome composed of reference genomes from the Integrated Microbial Genomes (IMG) database from US Department of Energy [7] . The phyla in the mini-microbiome were determined to be in proportion with a healthy adult gut microbiome. Bacteria from the phylum Firmicutes dominated the minimicrobiome (104 of 177 represented genomes). The bacterial species investigated here: Lactobacillus brevis DSM1269 and Weissella (strain 142 from the species pair cibaria/confusa [8] ) are both reported to occur in the gut [9, 10] , and are classified under the order Lactobacillales within the phylum Firmicutes. In representatives of both species, two subfamilies from GH43 are present (subfamily 11 and subfamily 26, www.cazy. org). To date, 21 enzymes have been characterized in subfamily 11 (1 fungal and 20 bacterial, including 3 structure-determined candidates) and the predominant activity is b-xylosidase (EC 3.2.1.37, found in 14 of the 21 enzymes including a recently characterized b-xylosidase from Weissella strain 92 [11] , while six candidates are bifunctional (EC 3.2.1.55/3.2.1.37), and one is a b-xylosidase acting on b-1-3-linkages. Fewer enzymes are characterized in subfamily 26 (which, however, includes more than 800 genes), and the characterized candidates include three published bacterial enzymes from Streptomyces avermitilis [12, 13] , Streptomyces chartreusis [14] , and L. brevis DSM20054 [15] and three fungal enzymes from Chaetomium sp. [16] , Chrysosporium lucknowense [17] , and Humicola insolens Y1 [18] . All characterized candidates are reported as exo-acting Arafs, although the linkage specificity appears to vary between the bacterial and fungal enzymes. In this paper, we have made kinetic studies and also solved and analyzed the crystal structures of two GH43 (subfamily 26) candidates from Weissella strain 142, and L. brevis DSM1269, respectively, to provide further insights into the substrate and linkage preference and sequence conservation in GH43, subfamily 26.
Results
Protein expression, sequence analysis, and oligomeric state
The two arabinofuranosidases from Weissella sp. strain 142 (WAraf43) and L. brevis DSMZ 1269 (LbAraf43), respectively, were produced in Escherichia coli BL21(DE3) and showed good levels of production in soluble form, according to qualitative estimation by SDS/PAGE analysis ( Fig. 1) . Production of WAraf43 was remarkably high, with hardly visible levels of host proteins in the crude extract ( Fig. 1 ). Analysis of rare codons for E. coli showed that these were absent in the gene encoding WAraf43 (975 bp, GenBank code KX174295), which could be one reason for its ease of production, while the gene encoding LbAraf43 (981 bp, GenBank code KX174296) contained the following rare codons: CGA for Arg57 and Arg209; CTA for Leu186, Leu215 and Leu231; and CCC for Pro18, Pro118, Pro116, Pro160, Pro242, and Pro251. The deduced amino acid sequence of full-length WAraf43 has 344 residues (including the N-terminal His-tag), corresponding to a molecular mass of 39 768 Da, which is in accordance with the apparent molecular mass estimated by SDS/PAGE (Fig. 1) . The deduced amino acid sequence of LbAraf43 was 346 residues (again including the N-terminal His-tag) corresponding to a molecular mass of 39 784 Da. The single purification step by IMAC was in both cases sufficient to obtain a more than 90% pure protein ( Fig. 1) for use in the subsequent characterization.
Analysis by SignalP (www.cbs.dtu.dk/services/Signa lP/) showed the absence of any likely signal peptides, suggesting that both enzymes are intracellular in their native host. BLASTP analysis (NCBI, Bethesda, MD, USA) of the amino acid sequence against the Protein Data Bank (PDB) revealed that both enzymes consist of a single catalytic module, and repeated search against nonredundant protein sequences (nr) showed that the highest similarity was displayed to catalytic modules of other bacterial candidates from GH43, subfamily 26. The most similar sequences to WAraf43 were of noncharacterized putative enzymes from other Weissella species, with 100% identity (id) to Weissella cibaria (GenBank WP_043707805.1), while the most similar characterized enzyme (74% id) was Abf3 from L. brevis DSM20054 [15] , to which a homolog from strain DSM1269 (LbAraf43) was produced and crystallized here (99% id to L. brevis DSM20054 strain and 74% to Weissella sp. strain 142).
For both enzymes, the most similar homolog of known structure (61.7% sequence identity to WAraf43 and 62.4% identity to LbAraf43) is from Clostridium acetobutylicum (PDB 3K1U) which is classified under GH43, subfamily 26, but not yet functionally characterized. The only enzyme in subfamily 26 that is both structurally and functionally characterized, SaAraf43 from S. avermitilis [13] , has a catalytic module 52% identical to WAraf43 and 54% identical to LbAraf43, but is a two-domain enzyme with a C-terminal arabinan-binding module (CBM family 42) . No other candidates from GH43, subfamily 26 have yet been structurally determined, and sequence similarity to structurally determined enzymes from other subfamilies in GH43 was significantly lower.
The molecular mass of the purified enzymes in solution was estimated by size exclusion chromatography to 88 and 181 kDa for WAraf43_26 and LbAraf43_26, respectively, suggesting that WAraf43_26 occurs as a dimer (39.76 kDa subunit mass, including N-terminal His-tag), and LbAraf43_26 as a tetramer (39.65 kDa subunit mass, including N-terminal His-tag). The latter is consistent with the tetrameric form suggested previously for Abf3 from L. brevis [15] . MS analysis of the purified proteins showed that the N-terminal Met residue was not processed, and no post-translational modifications were detected in either protein (data not shown).
Biochemical characterization
Activity was first screened using the synthetic substrates para-nitrophenyl-a-L-arabinofuranoside (pNPAf), pNPb-D-xylopyranoside, pNP-b-D-glucopyranoside, pNP-a-D-galactopyranoside, and pNP-b-D-mannopyranoside showing that both enzymes were selective for the synthetic substrates and only active on pNPAf (Table 1) , which was used as substrate for pH and temperature screening.
The combined pH and temperature profile was determined by the response surface method (Fig. 2) . Maximum activity was found at the same pH and temperature for both enzymes, which was pH 5.8 and 45°C, respectively.
WAraf43 showed better long-term stability and kept 40% of its initial activity after 20 min at 45°C, while LbAraf43 lost all activity after 10-min incubation at this temperature. Better stability was seen at 37°C (the temperature in the gut) and at this temperature 40% of the initial activity of LbAraf43 (the less stable of the two enzymes) was kept after the 1-h incubation period (Fig. 3) .
Based on the activity observed for both enzymes on pNPAf, a number of natural substrates containing Table 1 . Activity screening, expressed as specific activity (UÁmg À1 ). The activity was determined at 37°C, pH 5.5. Substrate concentrations were 5 mM for para-nitrophenyl glycosides and 1 mM for oligosaccharides and the polysaccharides (N.D., not detected).
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The arabinofuranoside moieties, linked with a-1,2-, a-1,3-, and a-1,5-linkages were tried (Table 1) . Both enzymes had similar specificity profiles, and the enzymes only showed activity on short 1,5-linked AOS. Highest activity was observed for 1,5-a-L-arabinobiose, while no activity was detected using 1,3-L-arabino-b-D-xylobiose. Activity was also shown to decrease with increasing degree of polymerization (DP), showing lower activity for 1,5-a-L-arabinotriose (Table 2) . Activity on 1,5-a-Larabinotetraose at the conditions used was not quantifiable (data not shown).
In line with this, no activity was detected for debranched 1,5-a-L-arabinan from sugar beet or for arabinoxylan purified from rye (a xylan polymer substituted by 1,3-or 1,2-linked arabinofuranosyl branches). Hence, neither the linear nor the branched polymers were used as substrates for either of the enzymes.
The Weissella enzyme WAraf43 displayed a two-to threefold higher specific activity (and turnover number) than the LbAraf43 from L. brevis DSM-1269, although a corresponding decrease in substrate affinity for WAraf43 (displayed as an increased K m ) resulted in a catalytic efficiency in the same range for the two enzymes ( Table 2 ). Kinetic constants were determined for the two AOS: a-1,5-L-arabinobiose and a-1,5-Larabinotriose ( Table 2 ). The specificity profile and catalytic efficiency showed that the enzymes favored hydrolysis of 1,5-linked arabinose moieties in AOS of low DP. These data are also in accordance with the specificity observed for the homolog of LbAraf43; Abf3 from the L. brevis strain DSM-20054, which was reported to be unable to remove 1,2-or 1,3-linked arabinose residues from AXOS [15] .
The putative intracellular location of both WAraf43 and LbAraf43 (indicated by the lack of signal peptides) is consistent with the preference for small oligosaccharide substrates, with a DP shown to be in the range for uptake in other types of lactic acid bacteria [19] .
Overall structures
As described above, the amino acid sequences of the arabinofuranosidases WAraf43 and LbAraf43 show a high degree of similarity (identities: 74%; and positives: 84%). Their crystal structures were solved at 2.0 and 1.9
A resolution, respectively (Table 3) . WAraf43 crystallized as a dimer (Fig. 4) stabilized by several hydrogen bonds and salt bridges at the dimer interface (Fig. 4B , and Table 4 ). However, analysis of crystal contacts in LbAraf43 shows some additional interactions between the dimers that could result in stabilization of a tetrameric structure (Fig. 4C , Table 5 ), which is supported by the molecular mass determined by size exclusion chromatography. The residues involved in these interactions are located in three loops situated between b-strands 4-5, 5-6, and 7-8, respectively. The main-chain conformations of these loops are essentially identical in the two enzymes and the differences are related to sequence differences in two amino acids: His100 in LbAraf43 instead of Glu98 in WAraf43, and Glu97 in LbAraf43 instead of Ala95 in WAraf43.
The N-terminal two residues of both proteins and the last six C-terminal residues (VPYNYK) of LbAraf43 were not modeled due to lack of electron density. Superimposition of 551 out of 646 possible Ca atom pairs in the WAraf43 and LbAraf43 dimers resulted in an RMSD of 0. 45 A, indicating high similarity. Both WAraf43 and LbAraf43 are single-domain proteins with a five-bladed b-propeller fold (Fig. 5) , typical for the catalytic domain of the inverting GH43 enzymes (and GH62 that together constitute Clan F). The fold is also present in enzymes classified under Clan J (GH32 and GH68), but in that case combined with a retaining reaction mechanism. Every blade consists of a four-stranded antiparallel b-sheet from the N terminus to the C terminus. A metal ion site is present in the center of the propeller, behind the catalytic pocket (Fig. 5 ).
Active site
The active site is located in the central cavity of the bpropeller fold, and was identified by overlapping the crystallographic structures of both WAraf43 and LbAraf43 with the SaAraf43A-complex with a-L-1, 5-arabinofuranotriose (PDB 3AKH) [13] , giving 52.4% identity with WAraf43 and 54.6% with LbAraf43 if only the catalytic domain (Thr 9 to Val319) of SaAraf43A is compared. Both enzymes were shown to have a substrate-binding pocket typical of exo-acting enzymes, and the longer loop region identified for SaAraf43 [13] and CjArb43A [21] , compared to the endo-acting BsArb43A [21] and involving Tyr281-Arg294 [13] , which is conserved in both WAraf43 and LbAraf43. The active sites of both enzymes bind molecules from the buffer. WAraf43 binds two molecules of glycerol in one monomer and one in the other; LbAraf43 binds one molecule of Tris per monomer and two fragments of the PEG used for crystallization. Comparison of the two structures (using monomer A of the respective enzyme) suggests that this does not significantly perturb the conformation of active-site residues.
To study the substrate-interacting residues in the enzymes, a-L-1,5-arabinofuranotriose was modeled into the respective pocket of WAraf43 and LbAraf43. Analysis of the structures showed that many of the substrate-interacting residues are placed on loops, connecting the b-strands in the propeller on the active-site side of the respective enzyme. A major difference observed between WAraf43, LbAraf43, and the S. avermitilis enzyme was the presence of a significantly longer loop, with an extension of five residues (Thr94-Glu98 in WAraf43, and Lys96-His100 in LbAraf43) between two of the b-strands in blade II of the propeller (Fig. 6 ), which may explain the difference in preference for short or long substrates between the enzymes. WAraf43 and LbAraf43 act on short ligands, while SaAraf43A is reported to accept ligands with high DP [13] .
Three subsites (À1, +1, and +2) were predicted for both WAraf43 and LbAraf43, which is in accordance with the number of subsites found in SaAraf43. Subsite À1 is situated at the bottom of the pocket surrounded by the three conserved catalytic residues: the catalytic base (Asp15 in WAraf43, Asp17 in LbAraf43), the catalytic proton donor (Glu200 in WAraf43, Glu202 in LbAraf43), and the residue (Asp139 in WAraf43, Asp141 in LbAraf43) suggested to aid in modulating the pK a of the proton donor [22] . Comparison of the amino acids surrounding the subsites in SaAraf43 showed that the residues proposed as ligands in SaAraf43 were well conserved in the sequences of both WAraf43, LbAraf43, with few exceptions (Table 6) .
In subsite À1, all ligand-interacting residues reported for SaAraf43A, except one, are conserved in WAraf43 and LbAraf43. At position 36 (SaAraf43A-numbering), Thr is replaced by Ser31 in WAraf43 (corresponding to Ser32 in LbAraf43).
In subsite +1, there are two nonconserved amino acids: Thr160 (SaAraf43A), which is replaced by Ser164 (WAraf43-numbering, Table 6 ) and Tyr192 (SaAraf43A), which is replaced by Phe196 (WAraf43-numbering, Table 6 ). In addition, although Leu289 of SaAraf43 is conserved in WAraf43 (Leu293) and LbAraf43 (Leu295), it is in a different conformation.
In subsite +2, Phe replaces Tyr at two positions (Phe102 and 196 in WAraf43-numbering, Table 6 ). The main difference between the three enzymes in subsite +2 is, however, the loop insertion between two bstrands in blade II in both WAraf43 (TTAF-DENGMFQ) and LbAraf43 (TKEFDHNGMFQ), which results in additional substrate interactions in the +2 subsite (involving Phe96, Gly100, and Met101, WAraf43-numbering; and Phe98, Gly102, and Met103, LbAraf43-numbering (Fig. 7) . The interactions made by the longer loop will, according to our docking data, result in binding of the arabinofuranotriose ligand in a different conformation in WAraf43 and LbAraf43 than in SaAraf43 (Fig. 6C,D) and may be a reason for the limitation in degree of polymerization for substrates in WAraf43 and LbAraf43. In addition, the putatively intracellular enzymes from Weissella and L. brevis also lack the C-terminal arabinan-binding module, and are shown to increase the efficiency in degradation of linear arabinan in the S. avermitilis enzyme [13] .
Metal ion-binding site
Behind subsite À1, a metal ion-binding site is present in both enzymes. The identity of the metal ion is not completely clear. In previous structures in GH43, the reported metal ion is most commonly Ca 2+ (e.g., BsArb43B, PDB 2X8F), but may also be Na + (e.g., SaAraf43A, PDB 3AKH) or Mg 2+ [BT1873, PDB 5C0P (K. Tan, M. Cuff, G. Joachimiak, M. Endres, & A. Joachimiak, unpublished)]. The bipyramidal binding geometry is commonly reported for Ca 2+ , such as in the carbohydrate-binding module CBM4-2 from the modular GH10 xylanase from Rhodothermus marinus [24] . However, the electron density and distances to coordinating residues are in both enzymes also compatible with an octahedrally coordinated Mg 2+ . In WAraf43, there is very weak difference density for two of the water molecules in the lateral plane, but they have not been modeled (Fig. 8A,B) . The metal ionbinding site includes the residues Glu (Glu78 in LbAraf43 and Glu76 in WAraf43) and His (His266 in LbAraf43 and His264 in WAraf43) and four molecules of water in LbAraf43, but only two in WAraf43 (Fig. 8A-D) . The water molecules are stabilized by hydrogen bonds to carbonyl groups of the backbone (in LbAraf43 with residues Asp17, Ala76, Asp141, Pro204, and Asn267, which corresponds to Asp15, Ala74, Asp139, Pro202, and Asn265 in WAraf43). In WAraf43, His264 does not coordinate the metal ion, with its closest side chain atom at 3 A. It is shifted away from the metal by about 1 A and rotated by a Structure quality statistics from this line downwards were calculated using the MolProbity server [20] .
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The 150°such that the ND1 atom is no longer in the coordinating position but rather hydrogen bonds to a water molecule. Further interpretation of this shift would require exact identification of the metal ion in the WAraf43 structure. The role of the metal ion is not completely understood. The ligand modeled into the active site of LbAraf43 shows a hydrogen bond between the substrate in subsite À1 and His264, which is involved in the metal ion-binding site, suggesting that the metal ion could contribute to stabilizing the conformation of His264, promoting its interaction with the substrate. His at a corresponding position is conserved in many enzymes, in different subfamilies in family GH43, indicating a functional role. This is for example seen for the endo-1,5-a-L-arabinanase BsArb43B isolated from Bacillus subtilis (PDB 2X8F, classified under subfamily 4 in GH43), where calcium is observed at this position in the crystal structure and suggested to play an important role in the enzymatic mechanism and structural stability [25] . In four enzymes, a sodium ion is modeled instead of calcium, including in SaAraf43A (PDB 3AKH) [13] , a member of the same subfamily as the currently investigated enzymes. In SaAraf43A, the equivalent residue to His246 in WAraf43, His260, has the same noncoordinating conformation as in WAraf43; however, the Na + ion is pentacoordinate. The identity of the metal ion in WAraf43, however remains ambiguous, with Ca 2+ or Mg 2+ as most likely candidates. Other studies have shown that enzymes in GH43, such as ARN2 and ARN3 from a rumen metagenome (classified under subfamilies 4 and 5, respectively), present a calcium-independent mechanism [26] . In these enzymes, a sodium or magnesium Table 7 ) of the totally 13 subfamilies and have reported activity on arabinoside-linked substrates (leaving subfamilies 6, 10, 12, 19, 21, and 37 without any members of known structure, and excluding subfamilies with only bifunctional xylosidases/arabinofuranosidases). A comparison of the enzymes in the respective subfamilies allows the identification of some structural differences that can be connected to differences in substrate or linkage specificities. The overall structures of arabino-active GH43 enzymes reported thus far are either single-and double-domain proteins. The double-domain proteins are composed of an N-terminal catalytic module with the five-bladed b-propeller fold (common for GH43 enzymes) and a C-terminal domain that can be of threefold types: a b-barrel, a b-sandwich, or a b-trefoil. The C-terminal domain with the barrel fold is found in the three structure-determined endo-a-1,5-arabinanases that constitute the structurally known enzymes classified under subfamily 4 (Table 8 ) [26] . The b-sandwich domains are found in enzymes that act on a-1,3-L-arabinofuranoside residues in singly and doublysubstituted xylans, respectively. These include a single characterized enzyme in each of subfamilies 16 and 36. XynD (also called BsAXH-m23) from B. subtilis [27] is a subfamily 16 enzyme and acts on a-1,3-L-arabinose in singly substituted xylan. HiAXHd3 from H. insolens [28] is a subfamily 36 enzyme and is an a-1,3-L-arabinofuranosidase that acts on doubly substituted xylan. The b-trefoil C-terminal domain is a functional arabinanbinding CBM42 in the exo-a-1,5-arabinofuranosidase SaAraf43A from S. avermitilis [13] which is a member of subfamily 26. In this subfamily, only SaAraf43A is a two-domain extracellular enzyme, while both WAraf43 and LbAraf43 (characterized in this work) are single-domain enzymes that most likely are intracellular (due to the lack of signal peptide). Generally, the enzymes composed of two domains are thus far shown to act on long substrates. Within a single subfamily (exemplified by subfamily 26, investigated here), candidates both with and without a C-terminal domain can be present. The three remaining subfamilies (subfamily 5, 29, 33) are exclusively represented by enzymes with singledomain structures, and include both endo-and exoacting enzymes, enzymes specific for long and short, or only short, substrates, as well as enzymes with different linkage preferences (Table 7) . This shows that the differences in activity profiles are mainly controlled by the specific structures and interactions in the active site.
One of the features previously identified to distinguish endo-and exo-acting enzymes is the length of a loop region in blade V (e.g., involving Asp283-Asn290 in SaAraf43A [13] ), where exo-acting enzymes (e.g., SaAraf43A, WAraf43, and LbAraf43) display longer loops than endo-acting enzymes (e.g., BsAraf43A from subfamily 5 [21] ).
In the more closely related subfamily 26 (Table 8) , all the characterized enzymes are exo-acting, and act on a-1,5-linked arabinofuranoside residues. The main differences in substrate specificity concern the length of the substrate, and whether branched arabinans (a-1,2 or a-1,3-linked arabinose substituents on an a-1,5-linked main chain) are accepted (or preferred) substrates for the enzymes.
The bacterial enzymes in subfamily 26 show distinct differences related to the length of the substrate. The enzymes from S. avermitilis, SaAraf43A [12, 13] and S. chartreusis [14] , act on polymeric substrates like linear a-1,5-arabinan, which was efficiently degraded by these two extracellular bacterial enzymes. The catalytic efficiency of SaAraf43A on oligomeric a-1,5-linked Larabinofuranooligosaccharides (in a DP range from 2 to 5) is also reported to increase with increasing DP [13] .
This shows an important difference in substrate utilization between SaAraf43A and the intracellular enzymes WAraf43 from Weissella strain 142 and LbAraf43 from L. brevis. WAraf43 and LbAraf43 are efficient in cleaving arabinooligosaccharides of DP 2 and 3 (1,5-a-L-arabinofuranobiose and 1,5-a-L-arabinofuranotriose), while activity on substrates with higher DP was not quantifiable. The most striking difference in the structure that may explain this difference is the extended loop observed in blade II of the b-propeller in both LbAraf43 and WAraf43 that supplies interactions to the +2 subsite and changes the geometry of the entrance to the catalytic site.
The C-terminal arabinan-binding module in SaAraf43A is also reported to increase affinity to longer substrates and thus contribute to improved substrate utilization [13] . However, the module is not strictly necessary, as efficient degradation of linear arabinan was reported for AFaseII from S. chartreusis, for which the shorter sequence and lower molecular mass show that no CBM is appended [14] .
Selectivity for branched arabinan has thus far only been reported for two fungal enzymes (Abn4 from Ch. lucknowense C1 K [17] , and Hiabf43 from H. insolens Y1 [18] ) which were highly active on branched, but not very active on linear arabinan. Unfortunately, no structural data are yet available for enzymes with this type of activity in the subfamily. However, the side chain-cleaving enzyme XynD from subfamily 16 (also termed BsAXH-m2,3 [27] ), although binding the substrate differently, is reported to display an extremely short loop in blade I (e.g., compared to SaAraf43A [13] ), again suggesting that the length and residues in the loop on the active-site side of the b-propeller are very important for specificity. 
Materials and methods

Strains and plasmids
Lactobacillus brevis DSM1269 was purchased from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures. Weissella sp. strain 142 (from the species pair cibaria/confusa [8] ) is from our collection at the Biotechnology, Department of Chemistry, Lund University. Both strains were grown at 30°C in MRS (Man, Rogosa and Sharpe) medium. Chemically competent cells of the E. coli XL1-Blue and BL21(DE3) strains were purchased from Stratagene (La Jolla, CA, USA) and Novagen (San Diego, CA, USA), respectively. These strains were growth at 37°C in LB (Luria Bertani) medium. For growth of cells transformed with the pUC19 vector (Thermo Fisher Scientific, Waltham, MA, USA) or its derivative plasmids, the medium was supplemented with 100 lgÁmL À1 ampicillin and for growth of cells transformed with the pET28b vector (Novagen) or its derivative plasmids, 25 lgÁmL À1 kanamycin was added to the growth medium.
Cloning
Based on the sequence LVIS_1748 from L. brevis ATCC 367 genome [34] (GenBank project PRJNA57989), forward and reverse primers for the amplification of the putative arabinofuranosidase gene from L. brevis DSM-1269 were designed: CTT GCC AAA CAC-3 0 , with NdeI and XhoI restriction sites (underlined), respectively. The genes were amplified from the genomic DNA by PCR using the high fidelity polymerase kit iProof from BioRad (Uppsala, Sweden). The obtained PCR products were ligated into a blunt-end digested pUC19-vector for cloning and propagation in E. coli XL1-Blue. After propagation, the genes were subcloned into the specific restriction sites (NdeI and XhoI) in the expression vector pET28b, resulting in the plasmids pET28b:Lb-araf and pET28b:W142-araf.
Protein expression and purification
The recombinant proteins were overexpressed in E. coli BL21(DE3) for 4 h at 37°C (in 100 mL of LB medium) after induction with 1 mM IPTG (isopropyl b-D-1-thiogalactopyranoside), added when the culture reached an optical density (OD) at 600 nm of 0.6. To obtain more protein, the enzymes were also produced in a 3 L bioreactor, at 37°C, using the minimal medium mAT [37] in an initial volume of 2 L with 2.5% glucose as carbon source and 25 lgÁmL À1 kanamycin. The pH was maintained at 7.0 by titration with 6.7 M ammonia and dissolved oxygen (DO) was kept at 30% by control of the stirrer speed. Cell pellets were collected by centrifugation, washed, and resuspended in binding buffer (BB, sodium phosphate 20 mM, NaCl 500 mM, pH 7.4), followed by disintegration by sonication, as described in Ref. [38] . The cell extracts were centrifuged at 23 000 g, 4°C, 20 min, and the resulting supernatants were directly loaded onto an immobilized metal ion affinity chromatography (IMAC) FF-column (GE Healthcare, Uppsala, Sweden). Bound proteins were eluted by increasing the concentration of imidazole in the elution buffer (EB, sodium phosphate 20 mM, NaCl 500 mM, imidazole 500 mM, pH 7.4). Finally, the proteins were dialyzed in BB overnight to remove the imizadole used for the elution. Protein purity was evaluated by SDS/PAGE (Bio-Rad, Copenhagen, Denmark) in 12.5% acrylamide. Protein concentrations were estimated spectrophotometrically at 280 nm. The extinction coefficient for the respective enzyme was obtained theoretically from the deduced amino acid sequence using the program PROTPARAM from the Expasy server (www.expasy.org).
Molecular mass determination of purified enzymes
The molecular mass in solution was estimated by size exclusion chromatography as described by Ref. [15] using a Sephacryl S-300 column (110 mL; GE Healthcare) at a flow rate of 0.15 cmÁmin
À1
. The buffer used was sodium phosphate 50 mM, NaCl 150 mM, pH 7.0. Calibration was done using molecular weight standards in the range 20-700 kDa (Sigma-Aldrich, Saint-Louis, MO, USA).
MS analysis
The experiments were performed with an Accela UHPLC interfaced with a Hesi source connected to a LTQ-Orbitrap Velos Pro mass spectrometer (all from Thermo Fisher Scientific). Samples were acidified with 1% FA and injected onto a (5 cm 9 1 mm i. 
Asn165 Asn159
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The control target, and 500 ms maximum ion injection time. The general mass spectrometric conditions were as follows: spray voltage, 3.0 kV; 35 sheath 10 auxiliary gas flow; S-lens 60%; and ion transfer tube temperature, 300°C. Raw data were processed by PROTEIN DECONVOLUTION software 1.0 (Thermo Fisher Scientific).
Specific activity for p-nitrophenyl glycosides
The following compounds were purchased from CarboSynt (Newbury, UK): . The absorbance of pNP produced was measured continuously for 3 min at 400 nm in a microplate reader (Multiscan GO, Thermo Scientific). The extinction coefficient of pNP (2970 M À1 Ácm À1 ) was determined using a standard (Merck, Darmstadt, Germany).
Temperature, pH optima, and thermal deactivation
Reactions using pNPAf (3 mM) as substrate were prepared. Enzyme activity was assessed in the range of pH 4.0 to 7.5 using 50 mM CPB. For each pH, the enzyme activity was assessed in a range of temperature from 30 to 45°C. For each reaction, three samples of 125 lL were taken every 30 s and stopped adding 125 lL of 0.5 M sodium carbonate. The pNP produced in each time interval was measured in a microplate reader at 400 nm. Thermal deactivation data for the enzymes, after prolonged incubations at 30 and 37°C was obtained by measuring the residual activity at regular intervals during a time-period of 1 h using 3 mM pNPAf pH 5.5. The activity was monitored by continuous measurement of absorbance (at 400 nm, 3 min) in a microplate reader to follow the release of pNP.
Specific activity for oligosaccharides and polysaccharides
The following compounds were purchased from Megazyme (Wicklow, Ireland): 1,5-a-L-arabinobiose, 1,5-a-L-arabinotriose, 1,3-a-L-arabino-b-D-xylobiose, and debranched arabinan (sugar beet). In addition, arabinoxylan from rye, purified as described in Falck et al. [39] , was used as substrate. The reaction mix consisted of 1 mM of oligosaccharide, 50 mM CPB pH 5.5, and 2-4 lgÁmL À1 of enzyme. Samples were taken after 1, 2, and 3 min, and the reaction was stopped by heating at 95°C for 5 min. Products were analyzed by HPAEC-PAD (Dionex, San Diego, CA, USA) with 250 9 3 mm i.d., 5.5 lm CarboPac PA200, and a guard column 50 9 3 mm of the same material. The mobile phase (0.5 mLÁmin
À1
) was constant 100 mM NaOH (Merck) with a gradient of sodium acetate (Sigma-Aldrich). The column was pre-equilibrated with 100 mM NaOH for 1 min, then a linear gradient of sodium acetate was applied, from 0 to 200 mM during 3 min and the final concentration of sodium acetate was kept constant for 7 min. Standards of arabinose, 1,5-a-L-arabinobiose, and 1,5-a-L-arabinotriose were used to identify and quantify the peaks in the chromatograms. Crystallization, data collection, structure determination, and refinement
Kinetic constants
The purified arabinofuranosidases from Weissella sp. strain 142 and L. brevis DSM-1269 were dialyzed against 50 mM Tris/HCl buffer pH 7.5 and concentrated to 4.5 mgÁmL
À1
. Initial crystallization conditions were found using the JCSG+ and PACT Premier screens (Molecular Dimensions Ltd, UK; [40] ). Crystallization trials were set up in Greiner low-profile 96-well plates using a Mosquito robot (TTP Labtech, Melbourn, UK) at 20 and 4°C, respectively, at the MAX-lab protein crystallization facility. Drops of protein solution were mixed with reservoir solution in ratios 100 : 200, 100 : 100, and 200 : 100 nL. The most promising drops were optimized with respect to poly(ethylene glycol) and salt concentration. 
Two domain, C-terminal beta-barrel folded domain [25] AbnA/Thermotoga petrophila RKU-1
Two domains: C-terminal beta-barrel folded domain [26] Arn2/rumen metagenome
Two domains: C-terminal beta-barrel folded domain [26] 5 (Bacteria) Arb43A/Bacillus subtilis subsp. subtilis str. 168
Single domain [21] Arb43A/Cellvibrio japonicus
Single domain [21, 22] AbnB/Geobacillus stearothermophilus T-6 a-1,5-L-arabinanase (intracellular, acting on DP2-8)
Single domain [29] Abn-ts/Geobacillus thermodenitrificans TS-3
Endo-a-1,5-L-arabinanase (yielding arabinobiose)
Single domain [30] Arn3/rumen metagenome
Single domain [26] 16 (Bacteria) XynD/B. subtilis subsp. subtilis str. 168 The crystals used for data collection grew in Greiner low-profile 96-well plates with drops of 100 nL of protein solution and 100 nL of reservoir at 4°C. The best crystallization conditions for the protein from Weissella sp. 142 were 27-29% poly(ethylene glycol) 1500, 60-140 mM malonate-imidazole-borate (MIB) buffer, pH 4.0-4.5. Crystals were cryoprotected using a reservoir solution containing an additional 20% glycerol and data to 2.0 A were collected at station I911-2 of the MAX-II synchrotron (Lund, Sweden), equipped with a 165 mm marMosaic CCD detector. Crystallization conditions for the protein from L. brevis were 20% poly(ethylene glycol) 3350 and 0.2 M sodium iodide. Crystals were harvested directly from the drop without additional cryoprotection and data to 1.9 A were collected at station I911-3 of MAX-lab using a 225 mm marMosaic detector. Data were indexed and integrated using XDS [41] , scaled, and reduced using SCALA [42] or AIM-LESS [43] . Data quality and refinement statistics are given in Table 3 .
The structures were solved by molecular replacement using the pipeline MRBUMP [44] and PHASER as search engine [45] with the coordinates of the GH43 b-xylosidase from Cl. acetobutylicum (PDB 3K1U) as a search model for the Weissella arabinofuranosidase, to which it has 61.7% sequence identity. Later, the WAraf43 structure was used as a template for solving the structure of the L. brevis enzyme (74% sequence identity). Subsequent automatic model rebuilding was done with BUCCANEER [46] . Initial structure refinement was performed with REFMAC5 [47] . Manual adjustments were made using COOT [48] . Final refinement was done using BUSTER 2.10.3 (Global Phasing Ltd, Cambridge, UK). Riding hydrogen atoms were included in the refinement of LbAraf43, as they improved the fit to data significantly, but not for WAraf43, as the same effect was not observed. Interface analyses were performed using the PISA server (http://www.ebi.ac.uk/pdbe/ pisa/).
Substrate docking
Two substrates were modeled: a-1,5-arabinofuranobiose and a-1,5-arabinofuranotriose. The initial atomic coordinates of the a-1,5-arabinofuranotriose were taken from the crystallographic complex with exo-1,5-a-L-arabinofuranosidase from S. avermitilis (PDB 3AKH) [13] , while the atomic coordinates for the a-1,5-arabinofuranobiose were obtained by deleting the atoms of the reducing end arabinofuranose moiety. The initial geometries of the ligands, free of enzyme, were optimized using the MMFF94 force field using AVOGADRO software (http://avogadro.cc). Finally, they were manually docked into the active site of the crystal structures of the WAraf43 and LbAraf43 (monomer A), using the program AUTODOCK VINA [49] . The complexes were minimized using the force field AMBER99 with the program YASARA [50, 51] .
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